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We show from theoretical considerations, that if the graviton is massive, its mass is constrained to
be about 10−32 eV/c2. This estimate is consistent with those obtained from experiments, including
the recent gravitational wave detection in advanced LIGO.
General Relativity (GR) is one of the most successful
physical theories. Its predictions have been verified over
length scales that span over 14 orders of magnitude, from
our solar system to galaxies, galaxy clusters and cosmo-
logical scales. An important feature of GR is that grav-
itational waves predicted from it (and recently observed
[1]) travel at the speed of light, c = 2.9979×108 m/s. As
a result, quanta of gravitational field, or gravitons (as-
suming that a satisfactory quantum theory of GR would
be formulated sometime) should be massless. While this
is satisfactory from certain standpoints, and places it at
par with the photons, or the quanta of light, we argue
in this article that a small but non-zero graviton mass
cannot be ruled out either by theory or by experiments.
In fact a small graviton mass may have profound obser-
vational and theoretical implications. Furthermore, we
show that tight lower and upper bounds, and hence a
reasonable estimate of its mass can be made. In what fol-
lows, we first obtain these bounds on the graviton mass
from theoretical considerations, and show that these are
also consistent with observations. It is therefore impor-
tant to explore implications of a massive graviton further.
I. UPPER BOUND ON GRAVITON MASS
Exactly how long ranged is gravity? It has been es-
tablished beyond reasonable doubt that GR is valid at
least in the present epoch, until the far reaches of our
Universe, likely until its edge e.g. as seen from the
supernovae 1a data [2, 3], and also from recent gravi-
tational wave observations, the latter in fact imposing
strong constraints on deviations from GR [4], although
not ruling them out completely [5]. However, the fact
remains that its range has not been, and in fact cannot
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be tested beyond the cosmological horizon at any epoch,
regions outside being causally disconnected from the in-
side. This horizon is approximately equal to the Hubble
radius L = c/H , where H = Hubble parameter. At
present, H ≡ H0 ≈ 68 km/s/Mpc and L ≡ L0 ≈ 10
9
Mpc. Consequently, from the Yukawa type potential for
massive gravity,
V ∝ −
e−cmr/~
r
, (1)
it follows that graviton mass m ≤ ~/cL0 ≈ 10
−32 eV/c2,
cannot be ruled out. Any any earlier epoch, L = L0a,
where a = the scale factor (a = 1 in the current epoch,
and ≪ 1 in earlier epochs), and a weaker bound m ≤
(10−32/a) eV/c2, with a < 1, would have been obtained.
II. LOWER BOUND ON GRAVITON MASS
It was shown long back that we live in an expanding
[6] (and in fact accelerating [2, 3]) Universe. It was also
shown rigorously in [7] that if one attempts to formulate
a quantum field theory of a massive gravitational field in
an accelerating Universe, then the graviton annihilation
and creation operators satisfy the commutator 1
[b(k), b(k′)†] =
4(k2)2
3m2(m2 − 2h
2Λ
3c2 )
δ(3)(k − k′) , (2)
where k, k′ are the momenta. Thus in a dark energy dom-
inated Universe at late times, when one can replace Λ ≈
1/L20, one concludes from Eq.(2), that to avoid negative
norm states (i.e. ghosts), equivalently negative probabili-
ties when one introduced interactions, the graviton mass
is bounded from below by m ≥ ~/cL ≈ 10−32 eV/c2.
1 M and m of [7] are m and Λ/3 of this article respectively.
2This with the previous upper bound implies that the
graviton mass is strongly constrained at m = 10−32 eV .
Other theoretical considerations also lead to a graviton
mass which is consistent with the above estimate [8–12].
Once again, in any earlier epoch, this lower bound
would have remained the same (since Λ is a constant),
and perfectly consistent with the upper bound m ≤
(10−32/a) eV/c2 referred to earlier.
III. CONSISTENCY WITH OBSERVATIONS
Estimates of the graviton mass have been made from
various observations, such as estimates of Hubble radius,
from orbital decay of binary pulsars and other astrophys-
ical observations [13]. Recently, detection of a transient
gravitational wave signal from a black hole merger was
reported [1]. If gravitons were massive, this signal would
have reached a time ∆t seconds after the arrival of the
corresponding light signal of the same event (assuming
they were produced at the same time). This was used in
[1] (and using the results of [14]) to examine a bound on
the graviton mass m
m < 7× 10−23
(
D
200
100
f
1
f∆t
)−1/2
eV/c2 . (3)
where the distance from the source D is in Mpc and the
(average) frequency of gravitational wave f in Hz. f∆t
in the above is bounded from below by 1/σ, where ρ is
the signal to noise ratio of the apparatus [14] 2. For the
detected gravity wave GW150914, using D = 410 Mpc,
f = 100 Hz and σ = 24, one gets m < 10−22 eV, which
is weaker than the observational upper bound mentioned
earlier, but consistent with it.
IV. IMPLICATIONS OF A MASSIVE
GRAVITON
A. Gravitational wave astronomy
A massive graviton would imply that there would po-
tentially be advance notice for the arrival of gravitational
waves - light from astrophysical events such as super-
novae or black hole mergers would arrive ∆t seconds be-
fore the gravitational wave from the same event, where
∆t >
2D
f2
(
1021 m
)2
. (4)
Therefore, for m = 10−32 eV/c2, one gets
∆t >
2× 10−22D
f2
s . (5)
2 The signal to noise ratio was denoted by ρ in [1, 14].
Although the above appears tiny, with continued progress
in the measurement of smaller and smaller time inter-
vals, observation of such a time difference may not only
be possible, but would constitute one of the strongest
experimental tests of graviton mass.
B. Source of Dark Matter and Dark Energy
It was shown in [15] that a gravitons with mass m, be-
ing Bosons, can form a Bose-Einstein condensate (BEC),
at temperatures less than the critical temperature, given
by
Tc =
~c
kB
(
ρpi2
5mζ(3)
)1/3
(6)
Furthermore, identifying the density of the condensate,
ρ with the dark matter density of our universe, i.e. ρ =
0.25ρcrit/a
3, where ρcrit = 10
−26kg/m3 is the current
critical density of our Universe andm expressed in eV/c2,
Eq.(6) becomes [15, 16]
Tc =
3
m1/3a
K (7)
From Eq.(7) it follows that for m ≤ 1 eV/c2, that the
background temperature of our Universe at any epoch,
T (a) = 2.7/a < Tc(a). That is the critical tempera-
ture exceeds the background temperature of the Universe
T (a) at all times, and a giant BEC consisting of gravitons
in their ground state would have formed at a very early
epoch. This BEC may thus account for the dark matter
content in our Universe (with its density variations ac-
counting for the dark matter density profiles). Further-
more, under the assumption of large scale homogeneity
and isotropy, the quantum potential associated with this
wavefunction can also account for its dark energy content
[17, 18]. If true, this would provide an unifying picture
of dark matter and dark energy. This would also resolve
the initial (Big Bang) singularity, since it can be shown
that the ‘quantal trajectories’ of points within this BEC,
when extrapolated back in time, come very close, yet do
not meet at a point. This follows from the well-known
3no-crossing property of these trajectories [18, 22] 3. In
other words, a small graviton mass may be able to ad-
dress all of the above issues at one stroke.
V. CONCLUSIONS
We showed in this essay that not only is a tiny gravi-
ton mass allowed by theory as well as experiments, but
that if non-zero, then it is tightly constrained to be about
10−32 eV/c2, no more, no less. While it is still possible
that graviton mass is strictly zero (like that of the pho-
ton), a non-zero graviton mass would have some distinct
advantages, such as forming a cosmic BEC accounting for
dark matter and dark energy, and assisting in the resolu-
tion of the initial cosmological singularity. Furthermore,
it would also open up the possibility of observing astro-
physical events sequentially, first via light and then via
gravitational waves emitted from them. Such an advance
warning for observing weak gravitational waves would
clearly be useful. Note that graviton with above mass
would mean gravity would be rendered ‘short ranged’ in
the future, when the cosmological horizon L ≫ L0, and
deviations from GR should result. In this way, the cur-
rent epoch appears to play a special role, simply because
it marks the era in which the cosmological constant or
dark energy starts dominating the matter content of our
Universe. Thus there is all the more reason for study-
ing various implications of a small graviton mass, both
from the theoretical as well as the observational side.
Although there has been some progress in incorporating
graviton mass in a covariant theory of gravity (i.e. exten-
sion of general relativity) [10, 23, 24], much more needs
to be done to have a satisfactory theory. We hope that
there will be progress in the above directions in the near
future.
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3 There has been some criticism of the quantum potential and its
application to the Quantum Raychaudhuri Equation, which is
related to some of the results of this section [20]. As pointed
out in [21], the authors of [20] start with incorrect assumptions,
and arrive at equally flawed and irrelevant conclusions. Regard-
less of their incorrect expressions for the quantum corrections,
as explained in [21, 22], the absence of conjugate points and the
resultant invalidity of the singularity theorems in a fixed clas-
sical background, the everlasting nature of these trajectories,
and the no-requirement of quantal trajectories to remain time-
like throughout, simply follow from the first order nature of the
guiding equations, and the equivalence between quantum wave
equations and the equations for quantal trajectories. Further-
more the BEC critical temperature (Eqs.(6-7)) depend on the
graviton mass alone. None of the above depend on the precise
form of the quantum corrections.
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